Objective: To investigate the relationship between sleep duration and adiposity measurements in rural Chinese adolescents. Methods: This report is based on a cross-sectional analysis of 500 Chinese adolescent twins. Anthropometric measurements and direct adiposity measurements using dual-energy X-ray absorptiometry (DEXA) were taken for all subjects. Standard sleep questionnaires and a 7-day diary were administered to assess sleep duration. Results: Sleep duration decreased with increasing age during adolescence, reaching a nadir at approximately 15 years of age. While BMI and body fat increased through the entire range of adolescence for both genders, after the age of 12, females had much higher amounts of total and truncal fat than males. Graphic plots showed that among females, both long and short sleepers tended to have higher adiposity measures than medium duration sleepers. The association of short sleep duration with higher adiposity measures was significant even after adjustment for covariates. This association was stronger for total and truncal fat and waist circumference (P <0.05) than for BMI (P = 0.06). In contrast, consistent relationships between sleep duration and adiposity measures were not seen in males. Conclusion: Even in this relatively lean Chinese adolescent cohort, short sleep duration was significantly associated with higher adiposity measures and lower lean body mass in females. The results of this study indicate that the observed association between short sleep duration and higher BMI is most likely mediated by factors associated with total and central adiposity rather than lean body mass.
INTRODUCTION

OBESITY IN THE UNITES STATES AND OTHER INDUSTRIALIZED COUNTRIES HAS REACHED EPIDEMIC PROPORTIONS IN BOTH ADULTS AND CHILDREN.
Between 1991 and 2001, the prevalence of obese American adults increased from 12% to 20.9%, and the number continues to rise. 1 Of even greater public health concern is the rapid rise in the number of overweight or obese children. Along with smoking and alcohol, obesity is considered a leading cause of preventable death in the United States. Although poor diet and physical inactivity are well established causes of obesity, recent evidence indicates an intriguing but poorly understood relationship between sleep duration and obesity. 2, 3 Despite the mounting evidence that adequate sleep is important for overall health, sleep curtailment is pervasive in modern society, and the average sleep duration in adults has declined from 8.5 hr/ night to <7 hr/night over the last 40 years. 4, 5 Emerging evidence suggests an important and consistent relationship between short sleep duration and obesity. 2, 3 However, cause-and-effect relationships and underlying biological mechanisms that link these associations have not been established. Most studies on the association between short sleep duration and obesity have focused on adults and young children, 6, 7 with much less work being directed at adolescents, 8 commonly defined as the age period of 10 to 19 years. 9 A compelling rationale to study adolescents is that they represent a population at particular risk for both obesity and sleep deprivation.
The causes of sleep deprivation in adolescents range from biological factors, such as changes in circadian timing to increased social and educational demands. 10 The need for sleep, however, does not diminish in adolescence, and is estimated to be on average 8.50 to 9.25 hr of sleep per night. 10 Yet, a recent national survey in the U.S. indicates that 45% of adolescents get <8 hr sleep on school nights, while 78% report that they need ≥8 hr sleep to feel their best. 11 Adolescence is associated with marked physical growth, functional development, and endocrine changes. It is well recognized that adolescence is a critical period for the development of obesity, and adolescent obesity, in turn, is a strong predictor of obesity in adulthood (OR = 17.5). 12 Adolescence is also a period during which gender differences in growth, development, and body composition widen. 13 During puberty, males experience rapid increases in lean muscle and decreases in fat mass due to increases in testosterone, growth hormone, and insulinlike growth factor-1 levels. Females, on the other hand, undergo rapid increases in fat mass that are largely due to higher levels of estradiol.
14 Therefore, the risk of becoming overweight during adolescence tends to be higher among females than males (although this may vary with ethnicity). Data from the NHANES III indicated that females who matured earlier had higher rates of overweight and obesity, while the opposite was true for males. 15 In this study, we assessed the effects of gender and stage of sexual development on the relationship between sleep duration and adiposity in adolescence, a time when early intervention could lead to prevention of disease and long term improvements in health and well-being.
Most studies linking the relationship between sleep duration and weight have used BMI. While BMI is a surrogate measure of adiposity and is correlated with measures of total and central adiposity (i.e., total and percent body fat, waist circumference), it is also influenced by lean mass and bone mass. Since BMI changes significantly with age and gender, it may not be an accurate or comparable measure of adiposity across age groups or gender. 16, 17 Therefore, more direct measures of adiposity will help us gain a better understanding of the biological mechanisms underlying the sleep-adiposity relationship. This study is the first to investigate the sleep-adiposity relationships in Chinese adolescents using direct adiposity measurements. We were particularly interested in whether the association between sleep duration and adiposity also exists in a relatively lean Chinese population and the influence of gender and physical activity level on this relationship.
METHODS
Study Population
The study population consists of 500 twins aged 10 to 20 years who were first recruited between 1998 and 2000 and are now enrolled as part of an ongoing NIH-funded prospective study on precursors of metabolic syndrome in children. The recruitment of the twins was carried out in the Anqing region of Anhui Province, China. Anqing, spanning 80 km along the north bank of the Yangtze River, has 3 urban areas and 8 rural counties covering 15,000 km 2 . The climate is mild, with an average year-round temperature of about 15°C. The population size was approximately 6 million in 1992. Anqing has been the site of numerous epidemiologic studies on environmental and genetic etiologies of chronic diseases in China, which have allowed for validation of the methods (e.g., interviewing scheme and anthropometric measurement) used in this study. 18 The recruitment of twins was carried out in eight counties of the Anqing region. Medical care in each county of Anqing is administered through a 3-tier (county, township, and village) service network. At the baseline survey, twins were identified through a multistage process. First, investigators from the Anhui Medical University and the Anqing Hospitals/Research Institutes held a 3-day workshop in each township to train local doctors and to collect twin information. The first day was used to explain the purpose, scope, and procedures of the study. Epidemiologists from Anhui Medical University checked all twin lists with the township/village doctors. For the ongoing follow-up study, eligible twins met the following criteria: (1) both twins participated in the baseline survey in 1998-2000; (2) both twins agreed and consented to participate in the current study. Eligible twins were invited to a central office to complete a questionnaire interview and a clinical evaluation on key components of the metabolic syndrome. The study protocol was approved by the Institutional Review Boards of Children's Memorial Hospital and the Institute of Biomedicine, Anhui Medical University in Hefei, China. A detailed description on the data collection of the relevant variables for this report is provided below.
Anthropometric Measurements
Height and weight were measured using standard protocols, without shoes or outerwear. Height was measured to the nearest 0.1 cm on a portable stadiometer. Weight was measured to the nearest 0.1 kg with the subjects standing motionless on a scale. A waist circumference measurement was taken at the level of the umbilicus to the nearest centimeter. Hip circumference measurement was taken at the maximum circumference of the buttocks with the subject in a relaxed standing posture. All anthropometric values consisted of the mean of three measures. BMI was calculated as weight (kg)/height squared (m 2 ). In addition, Tanner stage (I to V) was determined based on visual inspection. 19, 20 
Body Fat Measurements
Dual energy x-ray absorptiometry (DEXA) measures the exponential attenuation of photons emitted at two energy levels that are absorbed by various body tissues. This allows for an accurate measurement of fat, fat-free, and bone substance. 21 A standard whole body DEXA scan includes total body and three regional fat measures: trunk (chest, abdomen, and pelvis), arms, and legs. DEXA measures of body fat have been validated against other estimates, including underwater weighing, 22 skinfold measures, bioelectrical impedance analysis, and deuterium oxide dilution. 23 This study used a Lunar DPXL instrument (Madison, WI, USA) that was set up and calibrated in Anqing by the manufacturer. A standard software calculation was used to calculate total body fat. 21 Percent body fat was calculated as total body fat divided by body weight.
Physical Activity
This study adopted the short version of the international physical activity questionnaire (IPAQ-Short) (http://www.ipaq.ki.se). The IPAQ-Short consists of 7 items that ask information about 3 types of physical activity (walking, moderate activity, and vigorous activity) across various physical activity domains (i.e., leisure time, occupational, domestic, and transport), using the "last 7 days" as a reference period. This information provides separate scores on each type of activity as well as a combined total physical activity score that is obtained by summing the frequency (days) and duration (in minutes) of all undertaken activities. In addition, weighting each type of activity by its metabolic equivalent (MET) level (METs are multiples of the basal metabolic rate) produces a score in MET minutes (MET-min), providing another measure of volume of activity (i.e., walking = 3.3 METs; moderate physical activity = 4 METs; vigorous physical activity = 8 METs). Finally, using both the total volume of activity and the number of activity days/sessions per week, the IPAQ generates a categorical indicator (Low, Moderate, and High) of regular physical activity.
To be considered within the "High" physical activity level, one of following criteria must be met:
(1) vigorous-intensity activity on ≥3 days achieving a minimum total physical activity of ≥1500 MET-min/week.
(2) ≥7 days of any combination of walking, moderate-intensity or vigorous-intensity activities, achieving a minimum total physical activity of ≥3000 MET-min/week.
To be considered within the "Moderate" physical activity level, one of the following criteria must be met:
(1) ≥3 days of vigorous-intensity activity of ≥20 min/day. (2) ≥5 days of moderate-intensity activity and/or walking of at least ≥30 min/day.
(3) ≥5 days of any combination of walking, moderate-intensity, or vigorous intensity activities achieving a minimum total physical activity ≥600 MET-min/week.
Those individuals who did not meet criteria for High or Moderate physical activity were considered to have a "Low" physical activity level.
Measurement of Sleep Duration
Sleep duration was assessed by questionnaires and a 7-day diary, from which measures of sleep duration, sleep quality, and daytime sleepiness were determined. For children 18 years or younger, the Pediatric Sleep Questionnaire (PSQ) was used. PSQ contains scales to assess the presence and severity of sleep disordered breathing, snoring, excessive daytime sleepiness, and behavioral problems. Its validity and reliability have been demonstrated in children and adolescents ages 2-18 years old. 24 To determine usual sleep duration, the question, "How many hours of sleep does this child usually get?" was also asked. The PSQ was first translated into Chinese by an investigator on the study team. It was then back-translated by another investigator not involved in the study, and finally administered to the cohort by the trained research staff. Each study subject completed the questionnaire with parental assistance. For subjects >18 years of age, a Chinese version of the Pittsburgh Sleep Quality Index (PSQI) was used to assess the individuals' sleeping habits and hypnotic use as well as for the presence of insomnia in the last month. 25 Sleeping habits measured include bedtime, wakeup time, total sleep time, and sleep latency. The Chinese version of the PSQI has been used previously with proven excellent sensitivity and reliability. 25, 26 On the sleep diary, all subjects were asked to record bedtime, wake-up time, total sleep time, sleep latency, wake time after sleep onset (WASO), naps, any notable events that may affect their sleep, and rating of overall sleep quality. The key sleep variable of interest was total sleep duration which was determined by a single recalled number from sleep questionnaires or calculated based on the sleep diary (defined as the period from sleep onset to the final awakening minus the time spent awake during the sleep period). Five weekdays recorded in the sleep diary were averaged to obtain the mean sleep duration.
In general, sleep duration from sleep questionnaires was consistent with that obtained from the sleep diary (for PSQ, r = 0.47, P <0.01; for PSQI, r = 0.42, P <0.01). However, complete data from sleep diary were obtained from 490 subjects and some subjects maintained a diary for only 2 weekdays. Because of this limitation and the higher likelihood that the data from the sleep questionnaires are more likely to reflect long-term sleep patterns, analyses are based on sleep duration from the questionnaire data.
Major Covariates
Since this is a homogeneous population in terms of ethnicity, neighborhood environment, lifestyle, and social economic status, covariates considered in the data analyses were age, gender, Tanner stage, and physical activity level.
Statistical Methods
The central focus of the analysis was to examine the relationship between sleep duration and adiposity measurements among male and female adolescents. Sleep duration was divided into 3 categories (<8 hr, 8-8.9 hr, and ≥9 hr) to ensure approximately equal sample size in each category. Previous studies have indicated that most of adolescents sleep about 8 hr/night. 11, 27 The crude relationships between sleep duration and BMI and adiposity measurements were first explored using graphic plots. The crude relationships were further assessed by multiple linear regression analysis with adjustment for age, Tanner stage, and physical activity. All the analyses were stratified by gender. In addition to analyzing adiposity variables in the original scales, we also converted all the adiposity and lean body mass variables into standardized z-scores (calculated as [observed value-age and gender specific mean]/age and gender specific standard deviation). Age-and gender-specific normative values were based on an independent dataset of adolescents (1175 males and 1837 females) from the same region as the study population. Zscores permit direct comparison of the magnitude of associations between sleep duration and various adiposity and lean body mass variables. In this report, the twins were treated as individual observations rather than as twin pairs. Because within twin-pair measures tend to be correlated, standard errors obtained from unmatched analysis may be artificially deflated. To account for this effect, we calculated robust estimates of the variances using the generalized estimating equation (GEE) implemented in the Procedure Genmod in SAS (SAS Institute Inc., Cary, NC, USA).
RESULTS
This report included 500 twins (273 males and 227 females). Table 1 provides summary statistics of the key variables, including sleep duration, age, physical activity, and Tanner stage separated by gender and grouped by sleep duration: short (<8 hr/night), medium (8-8.9 hr/night), and long (≥9 hr/night). The mean BMI for the entire cohort was 18 ± 2.4 kg/m 2 . Table  2 categorizes the participants by BMI class using cut-offs based on a large population sample from the same area. Most of the study participants are normal weight if classified by their BMI and only a small percentage (11.4% males and 5.7% females) are overweight or obese.
The association between sleep duration and age for each gender is displayed in Figure 1 . For both males and females, a precipitous decline in sleep duration from ages 10 to 15 years was seen. Given the different distribution of Tanner stage by sleep duration (Table  1 ) and the association between Tanner stage and age, we examined the age-independent relationship between sleep duration and Tanner stage by a linear regression model that adjusted for age and age squared. No significant correlations were seen between any Tanner stage category and sleep duration in either gender (data not shown). While physical activity levels varied slightly by sleep duration, there were no statistically significant associations between physical activity and sleep duration.
The relationship between various adiposity measures and age are illustrated in Figure 2 for males and females. For both genders, an increase in all adiposity measures was seen with increasing age. Females tended to have higher adiposity than males by all measures. However, the most striking gender differences were Short Sleep Duration and Adiposity-Yu et al noted for total body fat, truncal body fat, and percent body fat, especially from age 12 onward, which corresponds to the onset of puberty in females. Interestingly, gender differences were most evident in the direct measurements of adiposity (total and truncal body fat), rather than for BMI.
Because age is an important determinant of sleep duration and adiposity measures, the relationship between sleep duration and adiposity measures were plotted by age and stratified by gender. Figure 3 displays the plots for females. In general, short sleep duration (<8 hr/night) was associated with higher adiposity measures than medium sleep duration (8-8.9 hr/night). Interestingly, long sleep duration (≥9 hr/night) also tended to have higher adiposity measures than medium sleep duration. That is, the medium sleep group in general had the lowest adiposity measures. The associations were most notable at age 14 years and older. Furthermore, compared to BMI, total and truncal body fat and waist circumference displayed greater differences between the groups. Short and long sleep durations were associated with lower percent lean body mass than medium sleep duration. No consistent association between sleep duration and adiposity was observed in males (data not shown).
The observed association between sleep duration and adiposity in Figure 3 was further assessed by regression analysis with adjustment for age, age squared, Tanner stage, and physical activity (Table 3) . Consistent with the graphic plots, in general, both short sleep duration and long sleep duration were associated with higher adiposity measures than medium sleep. Notably, the *BMI class, generated gender-and age-specific 5%, 85%, and 95% BMI cut-point value in general population (1175 males and 1837 females) that came from the same region as the study population, Underweight: BMI < 5% BMI cut-point value; Normal weight: BMI ≥5% and ≤85% BMI cut-point value; Overweight: BMI >85% and <95% BMI cut-point value; Obesity: BMI ≥95% BMI cut-point value.
Short Sleep Duration and Adiposity-Yu et al Figure 2 -The relationship between adiposity measurements and age by gender.
Short Sleep Duration and Adiposity-Yu et al associations between short sleep duration and adiposity measures in females (e.g., β = 1.94, se (standard error) = 0.60, P = 0.0012 for total body fat) and % lean body mass (β = -2.3, se = 0.83, P = 0.0055) were statistically significant as demonstrated by multiple regression analysis even after adjustment for age, Tanner stage, and physical activity. By converting all of the adiposity measures into standardized z-scores, we then compared the magnitude of the associations between sleep duration and various adiposity measures. As shown in Table 4 , the association between short sleep duration and adiposity was stronger for total body fat (β = 0.43, se = 0.16), truncal fat (β = 0.39, se = 0.16), and waist circumference (β = 0.43, se = 0.16) than BMI (β = 0.30, se = 0.16). Again, no significant associations were observed between short sleep duration and adiposity in males, which is consistent with the smaller magnitude of difference between the z-scores of adiposity measures seen in males compared to females.
DISCUSSION
To our knowledge, this is the first study to demonstrate that the observed association between sleep duration and BMI is largely due to adiposity, and that this relationship is influenced by gender in adolescents. As compared to Western populations, this study population is leaner and less likely to be affected by a Westernstyle diet and physical inactivity, both of which may confound the relationship between sleep and adiposity. In this cohort of Chinese adolescents, sleep duration progressively decreases, reaching a nadir at ages 16-17 years (Figure 1) , which corresponds to the time when students prepare for the college entrance examinations in China. For Chinese students, this is a period in which a large proportion of their time is devoted to studying for this college entrance examination. The decreased sleep time seen in Chinese adolescents parallels the findings reported by Carskadon and Acebo for adolescents in the U.S. 10 Shortened sleep duration during adolescence has been attributed to delayed bedtimes coupled with fixed early rise times due to school schedules. 27 Evidence suggests that at least in part, the delayed sleep pattern in adolescents is due to a delay in the timing of circadian rhythms that regulate sleep and wake times. 28 In addition, psychosocial factors such as a growing sense of autonomy, more opportunities for evening social interactions, more hours devoted to homework and after-school employment, etc. 10 are likely contributing factors. Although physiological circadian rhythm markers were not collected in this study, it is reasonable to speculate that similar biological changes and psychosocial factors contribute to the decrease in sleep duration in Chinese adolescents. Thus, similar to the U.S., these largely rural Chinese adolescents are a population at increased risk for chronic sleep deprivation and its potentially negative consequences on health and performance.
In this study a significant relationship between sleep duration and adiposity was seen in females but not in males. This sex- General estimation equation (GEE) was used to account for intra-twin pair correlations. * Mean ± SD among <8-hr, 8~8.9-hr, and ≥9-hr groups were 6.67 ± 0.64 hr, 8.06 ± 0.16 hr, and 9.50 ± 0.75 hr for males; 6.76 ± 0.57 hr, 8.04 ± 0.13 hr, and 9.49 ± 0.78 hr for females, respectively. # se, standard error of β.
Short Sleep Duration and Adiposity-Yu et al Short Sleep Duration and Adiposity-Yu et al related difference may be explained by the gender-specific changes in physiology and body composition that accompany puberty. Puberty is a period characterized by increased muscle mass and reduced fat mass in males, whereas in females, there is an increase in fat mass. 14 Higher amounts of adipose tissue in adolescent females could explain the significant relationship between sleep duration and adiposity in females, but not in males within this cohort ( Figures 2B and 2D) . Our results differ from other studies on adiposity measures and sleep duration in adolescents. For example, a gender difference was not seen in the study by Gupta et al, 29 whereas Knutson 8 found the association between short sleep duration and BMI to be significant only in male adolescents. Differences in body composition between study populations, as evidenced by mean body fat of 23.2% in the study by Gupta et al versus 18.0% in our study, may in part explain the apparently discordant results. The quantification of body fat by DEXA in our study is also a more accurate measure of adiposity than BMI, which was used in Knutson's study, and bioelectrical impedance that was used in Gupta's study.
The well-known association between obese females and early onset of puberty is intriguing in the context of findings from our current study. 30 An earlier study also suggested that short sleep duration is linked to early puberty in school girls. 31 Together, these observations suggest that the short sleep duration-adiposity relationship seen in females in this study may be mediated by early onset puberty. However, we are unable to account for the gender-specific finding of our results. While Tanner stage was independently significantly associated with all adiposity measures in females, it was only associated with some adiposity measures in males (data not shown). The interaction between sleep duration and sex hormone secretion deserves further evaluation, especially in adolescents, to determine the precise mechanism in genderrelated differences linking short sleep duration to adiposity.
The most important finding in this study is that the total amount of adipose tissue, particularly central adiposity is more strongly associated than BMI with short sleep duration ( Figure  3 and Tables 3 and 4) . Previous studies on sleep duration and obesity have mostly used BMI as a surrogate for obesity, 2, 3, [6] [7] [8] yet studies with white and black adolescents indicate only a fair to modest association between body fat and BMI, with correlation coefficients between DEXA and BMI of 0.50 to 0.83. 17 Not only has the use of BMI as an index of adiposity not been well studied in different ethnic populations, but BMI may not accurately reflect adiposity in children in the low or middle range of the BMI percentile curve, such as in our population. 16, 17 Furthermore, the distribution of fat appears to play a central role in the relationship between sleep duration and obesity. Previous works have demonstrated that visceral fat, commonly measured by waist circumference, is significantly correlated with indices of obstructive sleep apnea, whereas subcutaneous fat in the neck region or parapharyngeal fat is not. 32 Individuals with more visceral body fat are also at higher risk for diabetes and heart disease. 33 The results of our study suggest that visceral fat may be the chief component of total body fat that interacts with sleep duration.
The biological mechanisms underlying the sleep-adiposity relationship remain to be determined. Physiological studies have indicated that short term sleep loss results in alterations in blood pressure, as well as metabolic and immune function. 34, 35 Experimental sleep restriction led to an elevation of the orexigenic hormone ghrelin and a depression of the anorexigenic hormone leptin. 35, 36 Furthermore, sleep loss increases cortisol levels and sympathetic nervous system activation which could lead to a state of insulin resistance. 34 Elevation in systemic proinflammatory markers (TNF-α and IL-6) have been reported in association with sleep loss 37 and obesity. 38 Thus, it is possible that shortened sleep duration triggers alterations in central and peripheral systems involved in the regulation of energy homeostasis which in turn could lead to obesity in susceptible individuals. It is also well known that adipose tissue is an active endocrine organ that secretes several hormones and cytokines, such as leptin, TNF-α and IL-6, 38 all of which can negatively affect nocturnal sleep and increase fatigue during the day.
The general applicability of a study on the sleep-adiposity relationship in a cohort of predominantly normal weight adolescents may be called into question. However, longitudinal studies 39, 40 have indicated that the adiposity and fat distribution of children and adolescents strongly predict obesity and cardiovascular disease (CVD) risk factors into adulthood. Specifically, van Lenthe et al have shown that in a cohort of relatively lean adolescents (19% of males and 15% of females had BMI ≥25 kg/m 2 ) central adiposity independently predicts CVD risk factors in early adulthood. Therefore, despite our adolescent cohort being relatively lean (mean BMI = 18± 2.4 kg/m 2 ), increases in the amount of adiposity may lead to higher risks of developing CVD in adulthood. If short sleep duration persists into adulthood, it is very likely that these individuals will also develop pathological levels of adiposity and increase their BMI into the obese range.
Potential limitations of this study include the self-reported sleep measures and the cross-sectional design. Although two different questionnaires were used to obtain sleep measures, each showed a good correlation with the sleep diary data. While self-reported data may introduce measurement error, neither the study subject nor the field staff were aware of the relationship between sleep duration and adiposity at the time of data collection. Thus, the recall bias should be non-differential and therefore is likely to bias the results toward the null hypothesis. Perhaps the most important limitation is that inherent in the cross-sectional design, we were unable to determine a temporal relation between sleep duration and adiposity. In addition, the sleep duration categories we have created are arbitrary in nature and in a cohort of adolescents, whose sleep requirements vary with age, it is probable that an individual who sleeps the "normal" physiologic amount may have been placed in the long sleep group. This may partially account for the non-significant differences seen between the medium and long sleep duration groups.
In summary, results from this study confirm the previously observed relationship between short sleep duration and BMI in a relatively lean population and demonstrate that such relationships appear to be mediated by total and central body fat. Although the mechanisms linking sleep duration and obesity are unknown, it is possible that sleep loss leads to alterations in metabolic regulatory mechanisms or inflammatory processes which in turn contribute to the development of adiposity. It also has been shown that obesity is associated with poor sleep, creating a vicious cycle. Efforts to reduce adiposity and its health consequences must start during adolescence as adolescent obesity is associated with a high likelihood of adult obesity. Thus, sleep may represent a potentially modifiable risk factor in comprehensive strategies to combat the epidemic of obesity in adolescents and adults. 
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